exposure to oilfield soils. It is hoped that the results of this study will provide a better understanding of the distribution patterns of soil PAHs in relation to their various origins and locations; the study also provides useful information about the health risks associated with PAH exposure, which may help in pollution treatment and in planning agricultural production in the region.
Experimental Section

Sampling
In April 2013, three sampling areas were selected for the measurement of soil PAH concentrations in the Dagang Oilfield: Oil producing and storage areas (OW), a residential area (RD), and the arable desert area (AD) which is arable land but not used as farmland. There were 27 composite samples collected from the three areas. The location of the sampling sites is shown in Figure 1 . Samples S0-S5, S17, and S20-S22 were collected from AD areas. Samples S9-S10, S12-S13, S16, S23-S26 were collected from OW areas. Samples S6-S8, S11, S14-S15, and S18-S19 were collected from RD areas. Surface soil samples (0-25 cm depth) were taken with a stainless steel soil auger after removal of uppermost plant cover. Samples were dried in the laboratory, and twigs and stones were removed. Soil samples were sieved through a 1 mm sieve and representative samples were obtained after coning and quartering. 
Reagents and Instruments
A standard mixture containing 16PAHs: naphthalene (Nap), acenaphthene (Ace), acenaphthylene [1, 2 ,3-cd] pyrene (Ind), was purchased from Supelco (Bellefonte, PA, USA). Deuterium labeled surrogate standards [naphthalene-d8 (Nap-d8), acenaphthene-d8 (Ace-d8), phenanthrene-d10 (Phe-d10), fluoranthene-d10 (Fla-d10), pyrene-d10 (Pyr-d10), benzo [a] anthracene-d12 (Baa-d12), benzo [a] pyrene-d12 (Bap-d12), benzo [g, h, i] perylene-d12 (Bghip-d12) and perylene-d12 (Per-d12) (Dr. Ehrenstorfer, Germany) were used for the calculation of the extraction efficiencies, purchased from Ultra Scientific Analytical Solutions (North Kingstown, USA). All solvents: acetone, dichloromethane, tri-chloromethane, etc., used for sample processing and analysis were of analytical grade (AR) and n-hexane was of high performance liquid chromatography (HPLC) grade (GR) (National medicine pharmaceutical factory). Silicagel (80-100 mesh, MerckKGaA, Darmstadt, Germany) was activated approximately for 24 h at100°C; granular anhydrous sodium sulfate was baked at 130°C for10 h before use. Agilent 6890 N gas chromatography-5973 mass spectrometer (GC/MS) system (USA, Agilent Technologies Inc., Clara, CA, USA) was used for analysis.
Methodology for Determination of PAHs
Soil samples were extracted using the modified methods of the US EPA ultrasonic oscillation extraction method 3540 [12] . Soil samples (10 g) were extracted three times in a conical flask with 30 mL mixture solvents (acetone: dichloromethane = 1:1) for 15 min at 30 °C, using ultrasonic agitation (ultrasonic agitation -SB 5200 DT, Ningbo Xingzhi Biological Technology Co. Ltd., Ningbo, China) at a frequency of 40 kHz. The extract was filtered through a funnel filled with anhydrous sodium sulfate, and then the soil extract was concentrated to 0.5 mL with a gentle stream of nitrogen (purity 99.999%) at 40 °C. The extract was cleaned up using a column (15 cm length × 10 mm id) filled with anhydrous sodium sulfate and silica gel. The column was made up of 10.0 g silica gel (activeness for 24 h at 100 °C) in the lower part and 5.0 g anhydrous sodium sulfate (dryness for 10 h at 200 °C) in the upper part. The column was prewashed with 30 mL acetone and 30 mL dichloromethane immediately. The extract was passed through the column, eluted with 60 mL mix of n-hexane and dichloromethane (volume (v:v), 1:1) at a flow rate of 0.5 ml·min
. The elution which contains PAHs was collected and concentrated to 200 μL then reduced into n-hexane and the final volume was adjusted to approximately 1mL under a gentle stream of nitrogen prior to GC-MS analysis.
The total PAH content of the soil samples was determined using GC/MS system. The column oven temperature was initially held at 60 °C for 2 min, then increased to 230 °C at a rate of 8 °C·min and held for 2 min, and finally increased to 300 °C at a rate of 5 °C·min
and held for 12 min. The injector temperature was maintained at 300 °C and highly pure helium (99.999%) as the carrier gas was maintained at a constant flow rate of 1 mL·min
. A certified solution of a standard mixture containing 16 PAHs was used for the calibration of the GC-MS system. Deuterium labeled surrogate standards were used for the calculation of the extraction efficiencies.
Quality Control
Analytical methods were checked for precision and accuracy. All samples were analyzed in triplicate. For quality control, the analysis also included processing of a procedural blank (solvent) and a spiked blank (16 PAH standards spiked into solvent).The recovery efficiency was checked by analyzing soil samples spiked with a known amount of the PAH standard (matrix spike of 100 µg·kg (Bghip). Matrix spike experiment recoveries of certified reference materials ranged from (87% ± 3%) to (98% ± 4%) for the 16 PAHs. The relative standard deviation for individual PAHs identified in triplicate samples were all <10%.Blank sample measurements were conducted in orderto be certain that other sample components would not affect absorbance measurements for the priority PAHs.
Statistics
Statistical analyses were performed using SPSS17.0 software. The precision of the results was expressed based on standard deviation values. ) was observed in S19, S11, S15, S25, S26 and S8, with these sites mainly located in RD areas. Moderate pollution (600 μg·g −1 ≤ ∑PAHs < 1000 μg·kg −1 ) was observed in S4, S12, S10, S14, S6, and S13, with these sites distributed in RD and OW areas. The slightly polluted sites (200 ≤ μg·kg −1 ∑PAHs < 600 μg·kg −1 ) were S0, S2, S5, S7, S9, S18, S21, S22, S23 and S24, with these mainly located in AD and OW areas. No contamination (∑PAHs < 200 μg·kg −1 ) was recorded from S1, S3, S16, S17, and S20, with these sites also mainly located in AD and OW areas. 
Results and Discussion
PAHs Concentrations in Soil Samples
Composition and Profiles of PAHs in Individual Sampling Sites
The variable coefficients (ratio of standard deviation/mean) of different PAHs obtained in all sample sites were > 1.0 (Figure 2A ). Thirteen PAHs listed within the US EPA's priority list were detectable in the sampling sites. This result indicates that the types and concentrations of PAHs were significantly distinct across sample site soils. Mean concentrations of individual PAHs are presented in Figure 2B . The ratio of detectable PAHs in all sampling sites was as follows: 100% for Flu, Fla, and Pyr; 69% for Nap and Ind; 77% for Baa and Bkf; 92%, 73%, 50%, 46%, 19%, and 15% for Phe, BaP, Ant, Bghip, Chr, and Ace, respectively. The results showed that the relative abundance of PAHs with different molecular structures varies significantly across sampling site soils, due to their different locations in the oilfield. Kuang et al., reported that the major pollutants in agricultural soils around oil sludge plants in the Zhongyuan Oilfield were mainly 2-ring, 3-ring and4-ring PAHs [14] . Based on the number of aromatic rings, the PAHs detected in sampling sites soils can be subdivided into five groups: e.g., 2-ring, 3-ring, 4-ring, 5-ring, and 6-ring PAHs. The profiles of PAHs in individual sample sites are shown in Figure 3 . PAHs with 2 and 3 rings were predominant in study area soils. The compositions of 2-ring PAHs ranged from ND to 95.0%, with a mean of 38.4%, while the compositions of 3-ring PAHs ranged between 0.47% and 43%, with a mean of 27.8%. Percentage compositions of 4-ring, 5-ring, and 6-ring PAHs were 1.79%-63.0% (mean of 17.4%), ND-74.2% (mean of 8.8%), and ND-79.0% (mean of 7.6%), respectively. 
Analysis of Potential Contamination Sources
Isomer Ratios
Although the use of PAH diagnostic ratios has been criticized in the past [15] [16] [17] , it has been used widely and therefore, in the present study it is used as an indicative source apportionment tool. The ratio of low molecular weight PAHs (LMW-PAHs, ring ≤ 3 PAHs) to high molecular weight PAHs (HMW-PAHs, ring ≥ 4) [18] , as well as several PAH isomer ratios, have been widely used to identify possible sources of PAHs in environmental samples. These include Fla/Pyr, Fla/ (Fla + Pyr), Baa/ (Baa + Chr), and Ind/ (Ind + Bghip) [19, 20] . PAHs originating from petrogenic sources are dominated by 2-ring and 3-ring PAHs, while HMW-PAHs with ≥4-rings are indicative of pyrogenic origin [21] . Yunker et al., suggested that a Fla/ (Fla + Pyr) ratio of <0.4 indicates a petroleum source, while a ratio of >0.5 indicates a pyrogenic source, i.e., combustion source of biomass (grass, wood, or coal combustion). A Fla/ (Fla + Pyr) ratio of 0.4-0.5 implies petroleum combustion, e.g., liquid fossil fuel, vehicle exhaust, and crude oil. Baa/ (Baa + Chr) ratios of <0.2 indicate petrogenic (petroleum input) origin, while a ratio >0.35 implies pyrogenic (combustion) origin. If the Baa/ (Baa + Chr) ratio is between 0.2 and 0.35, this would suggest mixed origin [22] . A ratio of Ind/ (Ind+Bghip) <0.2 implies a petroleum source, a ratio of >0.5 indicates biomass and coal combustion sources, and 0.2 < ratio < 0.5 suggests a liquid fossil fuel combustion source [23] . Moreover, other ratios have been used to identify PAHs with biomass or petroleum combustion origins. These include the concentration ratio of Fla/Pyr, used as a standard to determine the sources of PAHs by many researchers. Sicre et al., have reported that a Fla/Pyr ratio of >1 is indicative of PAHs of fossil fuel combustion origin, while a Fla/Pyr ratio of < 1 is indicative of PAHs of petrogenic origin [24] . Figure 4 is a plot of the ratios of Fla/ (Fla + Pyr), Baa/ (Baa + Chry), Ind/ (Ind+Bghip), and Fla/Pyr. In this study, the ratios of Fla/ (Fla + Pyr) varied from 0.16 to 0.92 ( Figure 4A ), Baa/ (Baa + Chr) ratios were >0.35 or <0.20 ( Figure 4B ) in all sampling sites, and ratios of Fla/Pyr varied between 0.18 and 10.94. A Fla/ (Fla + Pyr) ratio of <0.40 was found at S4, S9, S12, S13, and S14; a Fla/ (Fla + Pyr) ratio of >0.50 was found at S0-S3, S5-S8, and S10; at sampling sites S9, S12, S16, S20-S23, the ratio varied between 0.4 and 0.5; a Baa/(Baa + Chr) ratio of <0.2 was noted at S0, S1, S4-S6 and S9-S10 while a ratio of >0.35 was noted at S1-S3, S7-S8, and S11-S13; a Fla/Pyr ratio of <1 was noted at S2, S4, S9-S10, and S12-S14 and a ratio of >1 was found at S0, S1, S3, S5-S8, and S11; all samples from AD soils with Ind/ (Ind + BghiP) ratios above 0.50 and 62.5% and 44.4% of the sample sites were above 0.50 in RD and OW area soils, respectively. Additionally, the ratio of LMW-PAHs to HMW-PAHs varied from 0.05 to 0.81, with a mean of 0.27 across all sampling sites. The study shows that the sources of PAHs in different sampling sites can be attributed to their location. In OW sites, petroleum leaks could be a major source of PAHs. In AD sites, petroleum and biomass combustion could be the main sources. Coal combustion and traffic emission are the main contributors of PAHs in RD area sampling site soils. Figure 5A shows that the distinction in the means concentrations of ∑PAH for different sites along the Maxi Road, Xingfu Road, Chuangxin Road, and Changye Road, respectively. Figure 5B reveals that the mean concentrations of ∑PAH appears to decrease along a gradient with distance (D) from a road at D < 5m, 5m < D < 10m, 10m < D < 50m, and 50m < D < 200m, respectively. Analysis of the variance trend of ∑PAHs indicates that ∑PAHs was significantly (p< 0.05) higher at D <5 m than at D > 10m sampling sites, which can be ascribed to traffic activity. Many studies have reported that PAHs are primarily emitted to the atmosphere, and after transport over short and long distances in both gaseous and particulate forms, they accumulate in soils after dry and wet atmospheric deposition [25] . The result thus reflects the known relationship between PAH loadings and distance from emission sources. ) [30] . This indicates that the major sources of soil PAHs were anthropogenic activities. Figure 6 shows the percentages of individual PAHs to total PAH concentrations in obtained soil samples. It reveals that low molecular weight PAHs (LMW-PAHs, ring ≤ 3 PAHs) were dominant in the oilfield areas. The percentages of LMW-PAHs accounted for 71.5%, 68.4%, and 55.3% decreased along an AD-OW-RD gradient. However, the percentage of total high molecular weight PAHs (HMW-PAHs, ring ≥ 4) increased along the AD-OW-RD gradient, ranged from 28.6%-31.6%-44.7%. Low and high molecular weight PAHs had different levels of dominance in AD, OW, and RD soils, implying distinct emission sources in different areas. Based on the results, it can be concluded that the concentrations of PAHs in oilfield soils represent a moderate level of contamination, with variations across sampling site soils. Contamination increases along an AD-OW-RD gradient. There are various sources of PAHs, such as, petroleum leaks resulting from oil exploration and processing, and incomplete combustion or pyrolysis of organic material (e.g., traffic, industry, and domestic heating, and processes of carbonaceous matter incineration). Most notable are byproducts resulting from anthropogenic activities, e.g., traffic, leading to increasing PAH levels in soils along roads. In general, sources of PAHs in the oilfield soil environment can be mainly attributed to vehicular emissions, oil exploration, oil refinery, and petroleum storage, and residential heating, among other sources.
Assessment of Soil Toxicity
According to the carcinogenic classification of PAHs by the US EPA and by the International Agency for Research on Cancer (IARCA), the 16 priority PAHs considered in this study can be divided into two groups: B (carcinogenic) and NB (not classified or non-carcinogenic). In this study, six PAHs considered carcinogenic or possible/probable carcinogens (i.e., BaP, Nap, Baa, Chr, BkF, and Ind) accounted for 46.2% of total species of PAHs and were detected in all sampling sites. The remaining PAHs were classified as NB. In all 27 sample sites, total concentrations of carcinogenic PAHs (∑BPAHs) varied from 13.3 μg·kg Table 1) . The distributions of B and NB PAHs in the 27 sample sites are shown in Figure 7 This study utilized toxic equivalency factors (TEFs) to estimate the exposure risks posed by individual and total PAHs to human health. The toxicities of PAHs in sampling sites were evaluated using the relative toxicity value (TEF) of each individual PAH compound, and expressed as its BaP equivalent concentration (BaPeq). TEFs of PAHs have been previously proposed by the US EPA and by Nisbet and LaGoy [33, 34] . Previously indicated TEFs for each PAH, and TEFs for each PAH as proposed in this study, are shown in Table 2 . As toxicities for Nap, Ace, Flu, and Fla were not included in the TEF system reported by the US EPA, those missing TEF values were adopted from the work of Nisbet and LaGoy.
The total toxicity equivalency concentrations (BaPeq) were calculated using the following Equation:
∑BaPeq= ∑(Ci × TEFi)
Here, ∑BaPeqis the total toxic equivalent concentration of identified PAHs, Ciis the concentration of individual PAHs, and TEFi is the corresponding toxic equivalency factor.
The concentrations of BPAHs (∑BPAHs) are shown in Figure 8B . It shows that in our soil samples, ∑BPAHs ranged from 13.3 µg·kg . The toxic equivalent concentrations of BPAHs (∑BBaPeq) in all sampling sites are shown in Figure 8A . Based on carcinogenic effects and the risk posed by PAHs, soil criteria for the protection of human health have been established in Canada, at a safe ΣBaPeq level of 600.0 µg·kg −1 [35] . Only three sample sites (S11, S15, and S19) from the Dagang Oilfield were above this standard value. The mean ΣBaPeq of all sites was 161.2 µg·kg ) [32] .Our results imply a lower risk to the productive habitat functions of sample sites, but due to different sources of PAHs, the potential hazard levels vary significantly across sample sites. 
Conclusions
Thirteen PAHs on the US EPA priority control list were detectable in the Dagang Oilfield. Of these, 2-ring and 3-ring PAHs were the main components of pollution, with a mean ratio of 38.4% and 27.8% to total PAH concentrations, respectively. The mean concentrations of PAHs were 919.8 μg·kg −1 , with 22% of sampling sites described as heavily contaminated, 22% as moderately contaminated, 37% as lightly contaminated, and 19% as not contaminated. The evaluation of profiles of individual compounds indicate that PAHs are derived from two sources -petroleum deposition and anthropogenic deposition originating, mainly, from the combustion of fossil fuels such as petroleum, coal, and wood. The evaluation of spatial trends in PAH concentrations in Dagang Oilfield soil indicates that sources of PAHs relate to the utility pattern of soils. There was a trend of increasing contamination along the gradient AD-OW-RD, with oil industrial products and anthropogenic activities directly or indirectly influencing the level of PAH contamination in soils. The mean concentration of BBaPeq in sampling sites was 161.2 µg·kg ), suggesting some level of ecological environmental risk in polluted oilfield soil. We will plan to continue research with a further study on the biotoxicity and ecotoxicity of PAHs in the oilfield areas.
